This study examined effect of inclusion of expanded graphite (Exp-G) on morphology, thermal, mechanical and flame retardant properties of PS, nitro-substituted polystyrene (N-PS) and amino-functional polystyrene (A-PS). FESEM showed exfoliated sheet morphology due to intercalation of N-PS and A-PS in expanded galleries. Tensile strength of A-PS materials (31.5-56.9 MPa) was higher than PS and N-PS. 10 % weight loss of A-PS nanocomposites (482-518 °C) was higher relative to pristine polymer and other nanocomposites. Cone calorimetry results revealed that there was lowering in PHHR of A-PS nanocomposites with 0.5 wt.% filler (428 kW/m 2 ), while PS nanocomposites showed PHHR of 443 kW/m 2 .
INTRODUCTION
Preparation and properties of polymer/graphite composites has been focused by the researchers in recent decades [1] [2] [3] . Graphite is naturally abundant allotrope of carbon which is made almost entirely of carbon layers. In the layers, carbon atoms are bounded by Van der Waals forces and the absolute separation of graphite layers is difficult due to higher crystal lattice energy [4, 5] . Various methods have been explored for the preparation of hybrids with optimal physical properties and homogeneous dispersion of graphite particles in polymer matrix. In material science, various approaches for the fabrication of polymer/graphite composites have been developed and applied. The common methods include polymer blending with graphite or polymers intercalation into interlayer spacing of graphite [6] [7] [8] [9] . Nano-dispersion of expanded graphite in various polymeric matrices such as poly(methyl methacrylate), polystyrene, and poly(vinyl chloride) using in-situ polymerization has been reported [10, 11] . The main aim of these techniques is to attain uniform dispersion of graphite in continuous polymer matrix. Generally, it is difficult to achieve fine dispersion due to incompatibility of polymer and graphite. Therefore, it is essential to enhance the compatibility between nano-filler and polymer. Conventional polymer/graphite composites have been known to exhibit reduce physical properties due to poor dispersion ensuing deprived mechanical properties. Poor dispersion of filler may result in the aggregate formation owing to inadequate intercalation of macromolecules. The aggregates may not be able to reach closed cavities inside the expanded graphite. During processing, the graphite sheets around cavities tend to overlap each other and form accumulated mass. Polystyrene (PS) is a widely used polymer because of its good chemical resistance, low density, low cost, and ease of processing. However, high flammability and severe dripping during combustion greatly limit its application in buildings, transportation, and electrical appliances. In recent years, the development of halogen-free flame-retardant polymeric materials has been focused [12] [13] [14] . Traditional flame-retardant additives containing halogen elements are restricted nowadays and replaced by halogen-free counterparts such as phosphorus, metal hydroxides, nitrogen compounds, etc. Recently, carbon additives and nano-additives such as expanded graphite, graphite oxide, graphene, and carbon nanotubes are used in various polymeric systems to improve thermal and flame-retardant properties [15] [16] [17] [18] [19] . In addition, these nano-additives are important for improving the mechanical properties of original polymeric systems. Consequently, the previous research regarding the addition of graphite or functional graphite filler in polymers has focused the improvement of thermal stability, melt flow index, and non-flammability properties [20, 21] . The addition of graphite filler into polystyrene using melt blending technique is also the subject of research interest [22] . Though, the synergetic improvement of the thermal, non-flammable and tensile properties of polymer/graphite nanocomposites have been less explored. In this work, polystyrene have been modified into nitro-substituted polystyrene (N-PS) and amino-functional polystyrene (A-PS). Afterwards, the expanded graphite was prepared and reinforced in pure PS, N-PS and A-PS. Three series of polystyrene/expanded graphite nanocomposite were prepared using solution blending technique to achieve uniform dispersion of nano-sheets in the matrix. The structure, morphology, mechanical properties, thermal stability and flame retardancy of the nanocomposites were studied using appropriate techniques.
EXPERIMENTAL

Materials
Polystyrene (average M w~3 50,000, average M n~1 70,000), polyethylene glycol (average M w ~ 8,000), graphite (fine powder), anhydrous tin(II)chloride (99 %) was procured from Aldrich and used as received. Sodium hydroxide (NaOH, 98 %), tetrahydrofuran (THF, 99 %), methanol (99 %), hydrochloric acid (HCl, 99 %), nitric acid (HNO 3 , 65 %) and sulfuric acid (H 2 SO 4 , 98%) were supplied by Merck.
Instrumentation
Infrared (IR) spectra were recorded using Fourier transform infrared (FTIR) Spectrometer, Model No. FTSW 300 MX, manufactured by BIO-RAD, California, USA (4 cm -1 resolution). Field Emission Scanning Electron Microscopy (FE-SEM) of freeze fractured samples was performed using JSM5910, JEOL Japan. Thermal stability was verified by METTLER TOLEDO TGA/SDTA 851 (California, USA) thermo gravimetric analyzer using Al 2 O 3 crucible at a heating rate of 10 °C/min. Stress-strain behavior of the samples were studied using Testomeric materials testing machine M500-30CT. Test specimens were employed in the form of strips (lwh 40×2×7 ± 0.05 mm 3 ) according to ASTM D638 standard method. The crosshead speed was 2 mm/min at room temperature. The data given are the average of three measurements. The combustion properties of pristine polymers and nanocomposites were calculated using cone calorimetry. Samples having dimensions 100 × 100 × 5 mm 3 were exposed to a FTT 0007 cone calorimeter (FTT Company, England) under a heat flux of 50 kW/m 2 according to ISO-5660 standard procedure.
Nitro-functionalization of polystyrene (N-PS)
The nitro-functionalization of polystyrene involved the dissolution of 10 g of polystyrene in 50 mL of THF with constant stirring of 3 h. Nitrating mixture (70 mL fuming HNO 3 and 30 mL concentrated H 2 SO 4 ) was added drop wise to the stock solution. The mixture was cooled to 0 °C in an ice bath for 6 h and then stirred at 60 °C for 6 h. 30 % solution of NaOH was added to neutralize the mixture. The functionalized polymer obtained was dried at 80 °C for 24 h.
Amino-functionalization of polystyrene (A-PS)
5 g of nitro-functionalized polystyrene was dissolved in 30 mL THF with constant stirring for 2 h. The reducing mixture was prepared by dissolving 60 g of anhydrous stannous chloride in 60 mL of hydrochloric acid at 60 °C until the solution become clear. The polymer solution and the reducing mixture were mixed and refluxed at 80 °C for 8 h. The mixture was neutralized with 30 % NaOH. The brown color polymer was obtained and dried at 80 °C for 24 h.
Expansion of graphite (Exp-G)
Two-necked round bottom flask was charged with 150 mL of the mixture of HNO 3 and H 2 SO 4 (1:2). 5 g of graphite was added to the above mixture and stirred for 12 h at room temperature. The mixture was neutralized with distilled water and then filtered. The powder was dried in an oven at 100 o C for 12 h. For further expansion of the above modified graphite, the dried powder was placed in a heated muffle furnace at 500 °C for 0.5 min. The temperature of 500 °C was found adequate for thermal exfoliation. 1g of polyethylene glycol was dissolved in 30 mL of THF with sonication of 6 h. After that 2 g of expanded graphite was added to PEG and sonicated for 8 h. The mixture was neutralized and filtered. Finally the modified graphite was dried at 100 °C for 12 h (Fig. 1) [23] . The sample designation, composition and codes used in this study are given in Table 1 .
Preparation of nanocomposites from non-modified and modified polystyrene and expanded graphite
Three series of nanocomposites (PS 1-5, N-PS 1-5 and A-PS 1-5) were prepared with exfoliated graphite. Here again, 1g of polystyrene (PS, N-PS or A-PS), was dissolved in 10 mL of THF to prepare the stock solution with stirring of 6 h. Expanded graphite (0.01 g, 0.05 g , 0.1 g, 0.3 g and 0.5 g) was added to the stock solution and further stirred for 6 h. Thin nanocomposite films were cast in Teflon Petri dishes. Amino-functional polystyrene 0.5 Fig. 2 shows the FTIR spectra of N-PS 3 and A-PS 3 nanocomposites. The spectrum of N-PS 3 ( Fig. 2A) displays strong vibration at 3025 and 3055 cm -1 due to aromatic C-H character. Moreover, the aliphatic C-H stretching vibrations at 2850 and 2921 cm -1 were present due to polystyrene structure. The spectrum also exhibited O-H stretching vibration at 3429 due to the expanded graphite structure using PEG. A C=C peak (1600 cm -1 ) corresponding to the sp 2 character was also appeared. The stretching vibration of C=O carbonyl groups introduced on the surface of expanded graphite appeared at 1721 cm -1 . Moreover, the asymmetric stretching vibration of NO 2 appeared at 1521 cm -1 indicating the successful attachment of NO 2 group to the matrix. The stretching vibrations at 1216 and 1365 cm -1 were considered to be appear because of C-O-C and CO-H stretching. The C-H out of plane bending vibrations were found at 746 and 695 cm -1 related to benzene ring. FTIR spectrum of A-PS 3 is shown in Fig. 1B . The spectrum displayed O-H stretching vibration at 3433 due to the expanded graphite structure similar to the spectrum of N-PS 3. The N-H stretching vibration appeared at 3352 cm -1 signifying the attachment of amine group to the matrix, while NO 2 peak at 1521 cm -1 was disappeared. The aromatic C-H stretching vibration emerged at 3024 cm -1 while aliphatic C-H stretching vibration was observed at 2852 and 2920 cm -1 . The carbonyl stretch was also found at 1721 cm -1 . In A-PS 3 nanocomposite, C-O-C and C-H out of-plane benzene ring bending vibrations were also found at 1216, 751 and 694 cm -1 . Table 2 presents the tensile properties of neat polystyrene, modified polystyrene, PS 1-5, N-PS 1-5 and A-PS 1-5 nanocomposites. Pure polystyrene, nitro-functional and amino-functional polystyrene depicted relatively lower tensile strength of 20.3, 22.6 and 25.7 MPa compared with nanocomposite series. The tensile modulus of these materials was also studied. The tensile modulus usually measures the resistance of a material to elastic/recoverable deformation under load. A stiff material has high modulus and undergoes slight change in shape under elastic loads while a flexible material has low modulus and changes its shape considerably.
RESULTS AND DISCUSSION
FTIR analysis
Mechanical properties
Table 2. Mechanical properties of PS, N-PS, A-PS, PS 1-5, N-PS 1-5 and A-PS 1-5 films
Composition
Tensile Strength (MPa) ± 0.04
Elongation at break ± 0.01 (%) The tensile modulus PS, N-PS and A-PS was found to be lower 0.7, 0.8, 0.9 GPa relative to the composites. The most probable reason was that the inclusion of exfoliated graphite filler has probably increased the stiffness of material towards the applied load. On the other hand, the pristine and modified polymers without the nano-filler have relatively less rigid structure, which was less resistant to the applied load. The toughness is the resistance to failure or crack propagation. Toughness relates to the amount of energy absorbed in order to propagate a crack. The materials with high toughness require greater energy to maintain the crack propagation. The toughness of PS, N-PS and A-PS was found to be 0.14, 0.14 and 0.15 Jm −3 . While studying the effect of expanded graphite loading on the tensile strength, the PS 1-5 was found to have lower values in tensile strength (25.9-40.5 MPa) relative to N-PS 1-5 (29.7-52.3 MPa) and A-PS 1-5 (31.5-56.9 MPa) nanocomposites. The most probable reason was the increased toughness of the N-PS and A-PS matrices after modification and hybrid formation. However, the filler loading in the matrices (PS, N-PS and A-PS) resulted in higher mechanical stability compared with the pure polymers. The tensile modulus also had increasing trend in the nanocomposites. Fig. 3 . In the nanocomposite series prepared, the optimal results were obtained for 0.5 wt. % filler loading in amino-funnctionalized polystyrene matrix owing to the better intercalation of the functional polymer in expanded graphite galleries.
Morphological study
FE-SEM was performed for the samples including PS 5, N-PS 5 and A-PS 5. Fig. 4A -C shows the morphology of pure polystyrene matrix loaded with 0.05 wt. % expanded graphite. The surface morphology was observed to be of an encrusted structure reflecting its layered arrangement. However, the expansion of graphite sheets due to polymer intercalation was not so apparent in the micrographs because of the less interaction between the matrix and Exp-G.
The fractured surface of 0.05 wt. % expanded graphite loaded nitro-functional PS is given in Fig.  5A &B. The morphology of the samples was observed to be of a wrinkled and folded texture showing the layered microstructure. Fig. 5C -D also displayed wrinkled and folded consistency and the layering was more prominent in the A-PS matrix. The morphology of N-PS 2 and A-PS 2 also showed that the exfoliated graphite flakes tend to organize inside the polymer matrix owing to the fine dispersion. The folded and layered morphology is usually observed for the exfoliated graphite-based nanocomposites [24] . and (E) A-PS 2 at 5 µm
Thermal stability
The results for the PS, N-PS, A-PS , PS 1-5, N-PS 1-5 and A-PS 1-5 films are presented in Table 3 . The data include the onset temperature of degradation (T 0 ), the temperature at which 10 % weight loss occurred (T 10 ), maximum weight loss temperature (T max ) and char yield. Above consequences have proved that the amino-modification of PS was beneficial for the enhancement of heat constancy of the nanocomposites. In the case of char residues at 600 °C, the char yield of expanded graphite-based nanocomposites was increased relative to that of the neat PS, N-PS, A-PS, N-PS 1-5 and A-PS 1-5 systems. The A-PS 1-5 nanocomposites depicted higher char yield values in the range of 57-63 % at 600 °C. The flame retardant properties of nanocomposites can also be studied in terms of the char yields. According to literature, the higher thermal residue in the range 600-700°C is often related to flame resistance [25, 26] . Moreover, the char yield up to 63 % shows that the polymers have high intrinsic fire resistance i.e. thermal stability. Increasing char formation could limit the production of combustible gases; decrease the exothermicity of the pyrolysis reaction and restrict the polymer's flammability. Furthermore the addition of expanded graphite in amino-functional matrix promoted the carbonization on the polymer surface, thus, increasing the heat resistance and contributed to the higher char residues. The flame retardancy of the materials was evaluated by cone calorimetric analysis.
Table 3. Thermal analyses data of PS, N-PS, A-PS, PS 1-5, N-PS 1-5 and A-PS 1-5 films
Flame-retardant properties
To assess the flame retardancy, the heat release rate (HRR) and the peak heat release rate (PHRR) values are important parameters. The HRR plots for polystyrene and the nanocomposites are shown in Fig. 7 . It was found that the nanocomposites had significantly lower HRR than that of the virgin polymer. The PHRR values of the PS, N-PS and A-PS were found to be higher 860, 844 and 823 kW/m 2 respectively (Table 4 ). The expanded graphite-based hybrids PS 5, N-PS 5 and A-PS 5 have considerably lower PHHR values as 443, 432 and 428 kW/m 2 . The inclusion of expanded graphite to the PS matrix decreased the heat release values. The lower PHRR was obtained for the expanded graphite incorporated in amino-functional matrix. Pure polystyrene presented a sharp HRR owing to the degradation as well as the stabilization of the char formation [27] . The reduction of HRR values in A-PS 5 nanocomposite was also accompanied by the decrease in ignition time. The expanded graphite actually served as a barrier to mass transport and somewhat insulated the underlying polymer from the ignition. 
CONCLUSIONS
In this research effort, the expanded graphite was loaded in the neat polystyrene and functional polystyrene in different wt. %. The structural characterization by FTIR confirmed the structure of nanocomposites. The fracture toughness and the tensile strength of the nanocomposites were found to rise with Exp-G loading. The morphology analysis showed that the expanded graphite formed well-dispersed morphology in PS, N-PS and A-PS matrices. From TGA analysis, the thermal stability of the nanocomposites was found to increase with the increasing graphite content. The cone calorimetry results suggested the reduction in PHRR values with increasing filler content. The optimal flammability was obtained with the 0.5 wt. % expanded graphite, in this case the reduction in the peak PHRR was almost 50 % as compared to neat PS.
